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Abstract

Objectives: Chemotherapy-induced senescent cells are
recognized to lead to cancer progression and resistance to
treatment by releasing factors associated with the
senescence-associated secretory phenotype (SASP). There-
fore, targeting SASP via senomorphic agents is an emerging
therapeutic strategy. In this study, we evaluated the poten-
tial of L-type Ca2+ channel blockers, nifedipine and verap-
amil, andK+

ATP channel openers, minoxidil and diazoxide, to
influence senescence development and SASP-related secre-
tory activity.
Methods: Senescence development was evaluated by beta-
galactosidase activity and senescent cell morphology. Seno-
morphic activity was evaluated by measuring the secretion
levels of total protein and IL-6, which are considered in-
dicators of the SASP. Additionally, the effects of SASP were
tested for cancer cell proliferation using the transwell sys-
tem and cell migration using wound healing methods.
Results: Our findings indicate that neither L-type Ca2+

channel blockers, nifedipine and verapamil, nor K+
ATP

channel openers, minoxidil and diazoxide, influence the
induction of senescence by doxorubicin or alter senescent
cell morphology. The K+

ATP channel openers minoxidil and
diazoxide notably inhibit the secretion of the proin-
flammatory cytokine IL-6 and VEGF-A in senescent HeLa

cells, implying potential senomorphic properties. Moreover,
although minoxidil and diazoxide did not reduce the pro-
liferative effects of SASP on cancer cells, these drugs
modulated the secretory phenotype of senescent cells to
reduce HeLa cell migration significantly.
Conclusions: We suggest that minoxidil and diazoxide may
have potential as senomorphic adjuvants in cancer therapy.
If confirmed by invivo and clinical studies, these drugs may
be repurposed to attenuate SASP-induced tumor progres-
sion. Moreover, K+

ATP channels represent potential targets
for senotherapy.
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Introduction

Cellular senescence, initially characterized by Hayflick and
Moorhead, refers to a distinct cellular state marked by an
irreversible loss of proliferative capacity [1]. Senescence can
occur replicatively at the end of the cellular lifespan (repli-
cative senescence) or can be triggered rapidly by various
stressors (stress-induced premature senescence, SISP). Se-
nescent cells exhibit dramaticmorphological changes, such as
increased cell size andmultinucleation [2, 3]. Moreover, these
cells display increased activity of senescence-associated
β-galactosidase and secrete a complex mixture of immune-
modulatory factors collectively known as the senescence-
associated secretory phenotype (SASP) [4]. The SASP includes
chemokines, inflammatory cytokines, matrix metal-
loproteinases, growth factors, bioactive lipids, and exosomes
[5–7]. Through the SASP, senescent cells can contribute to
undesirable effects such as tumor initiation, migration, in-
vasion, and drug resistance [8–10]. The accumulation of se-
nescent cells within tissues has been implicated in the
pathogenesis of various age-related diseases, including can-
cer, atherosclerosis, diabetes, and aging. Therefore, the se-
lective elimination of senescent cells and modulation of the
SASP represent a promising therapeutic strategy.
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One of the stressors that can trigger stress-induced
premature senescence is chemotherapeutic drugs with
genotoxic activity. Although chemotherapy provides signif-
icant therapeutic benefits, it can lead to the accumulation of
therapy-induced senescent cells, which may contribute to
various detrimental outcomes. These effects, largely driven
by the SASP, include chronic inflammation, enhanced
tumorigenesis, induction of bystander senescence, and
increased drug resistance [8–10]. Therefore, pharmacolog-
ical interventions targeting chemotherapy-induced SASP,
known as senomorphics, are being considered as potential
adjuvant therapies to enhance the effectiveness of chemo-
therapy and improve the quality of life in cancer
patients [11].

The membrane potential regulated by ion channels
plays a critical role in many physiological processes,
including cell cycle progression, cell volume regulation,
proliferation, muscle contraction, and wound healing [12].
One of the important roles of ion channels is to regulate
secretion mechanisms in cells. For instance, K+

ATP channels
are involved in the insulin secretion from pancreatic beta
cells and the glucagon release from pancreatic alpha cells
[13–15]. Voltage-gated Ca2+ channels (such as P/Q-type,
L-type, and T-type) play a crucial role in both neurotrans-
mitter and hormone release [16]. These regulatory roles of
ion channels in secretory mechanisms suggest that ion
channel modulatorsmay also have the potential tomodulate
the SASP. Therefore, in the present study, we aimed to
evaluate the potential senomorphic effects of the FDA-
approved K+

ATP channel openers minoxidil and diazoxide
and the voltage-gated L-type Ca2+ channel blockers nifedi-
pine and verapamil. Accordingly, we used HeLa cancer cells,
which are known to express both of these channel types [17,
18], and investigated how these selected ion channel modu-
lators influence doxorubicin-induced SASP development, as
well as how the resulting SASP affects cancer cell prolifera-
tion and migration.

Materials and methods

Cell culture and drug concentration
determination with xCELLigence

Human cervical carcinoma HeLa cells were obtained from
ŞAP Institute (Turkey). HeLa cells were cultured in Dulbec-
co’s modified Eagle’s medium (Gibco) supplemented with
10 % fetal bovine serum (Gibco), 100 U/mL penicillin-
streptomycin (Gibco) at 37 °C in a humidified atmosphere
in 5 % CO2. Senescence induction was achieved by 72 h

incubation of 300 nM doxorubicin (Tocris) as previously
described [5]. Ion channel modulators nifedipine (Tocris),
verapamil (Sigma), minoxidil (Tocris), and diazoxide (Tocris)
were dissolved in DMSO, and the drugs were applied to the
medium at a rate that would not cause DMSO toxicity (0.2 %).

The activity of ion channel modulators on cell viability
in HeLa cells was evaluated using the xCELLigence Real-
Time Cell Analysis (RTCA) DP system (Agilent) [19, 20]. Cells
were seeded on e-plates at 5,000 cells/well. After approxi-
mately 16 h, the culture medium was replaced with fresh
medium, containing drugs at increasing logarithmic con-
centrations (10–300 µM). Cell proliferation was quantified as
the normalized cell index using RTCA software v2.0. Viability
was determined by comparing maximum cell index values
obtained at 48 h of drug exposure.

Senescence-associated β-galactosidase
staining assay

The effects of ion channel modulators on senescence were
evaluated using the Senescence-associated β-galactosidase
(SA-β-gal) staining kit (Cell Signaling). After 2 h of pre-
incubation with ion channel modulators, HeLa cells were
treated with 300 nM doxorubicin for 72 h. Following treat-
ment, cells were washed with phosphate-buffered saline
(PBS) and fixed for 15 min at room temperature. After
washing twice with PBS, the β-Galactosidase Staining Solu-
tion, pH 6.0, was added, and the cells were incubated in a
CO2-free dry incubator for 16 h. Development of blue stain-
ing in the perinuclear region was visualized by light and
phase-contrast microscopy (Leica DMIL). SA-β-gal positive
cells were quantified as a percentage of total cells.

Holographic imaging

As another marker of senescence development, changes in
cell morphology were evaluated by holographic microscopy.
After preincubation with channel modulators (2 h), HeLa
cells were treated with 300 nM doxorubicin for 72 h. Pa-
rameters, including cell volume, area, maximum thickness,
andmean thickness, weremeasured with a Holomonitor M4
system using Holostudio 2.7 software (Phase Holographic
Imaging AB, Sweden) [3].

Determination of protein amount per cell

HeLa cells were treatedwith 300 nMdoxorubicin for 72 h for
senescence induction, washed with PBS, incubated in serum
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and phenol red-free medium containing ion channel mod-
ulators for 48 h. Cells were collected by trypsinization, and
the total number of cells was counted. Samples were lysed in
homogenization buffer (50 mMTris-HCl, 400mMNaCl, 2 mM
EGTA, 1 mM EDTA, 100 μM sodium ortho-vanadate, 1 mM
DTT, 1 mM NaF, plus protease inhibitors) and sonicated
(Sonics Vibra Cell). The total protein amount in the cells was
measured using the BCA Protein Quantitation Kit (Pierce).
The “total protein amount per cell” was calculated by
dividing the number of cells by the number of cells.

MTT assay

HeLa cells were treated with 300 nM doxorubicin for 72 h,
followed by incubation with channel modulators for 48 h.
After treatment, the culturemediumwas carefully removed,
and cells were incubated with MTT solution (1 g/L in PBS;
Invitrogen) for 3 h at 37 °C. Subsequently, the MTT solution
was aspirated, and the formazan crystals were dissolved in
DMSO, and absorbance was measured at 570 nm using a
microplate reader (Molecular Devices SpectraMax i3x). Cell
viability (%) was calculated based on absorbance values.

Collection of conditional media

HeLa cells were treatedwith 300 nMdoxorubicin for 72 h for
senescence induction. After the cells were washed twice
with PBS, serum and phenol red-free medium were added.
To evaluate the role of ion channel modulators in the
development of SASP, senescent or non-senescent cell
groups were treated with ion channel modulators (1 μM,
3 μM, 10 μM, 30 and 100 μM) for 48 h. Then, the medium of
the cells was collected and centrifuged at 800×g for 10 min at
4 °C, and filtered through 0.2 μm filters [5]. In addition, the
cells collected from the CMs were trypsinized, and the total
cell number was determined. Then, the CMs were normal-
ized according to cell numbers and stored at −20 °C until
analysis.

Measurement of IL-6 levels in conditional
media

IL-6 levels in CMwere determined using a Human IL-6 ELISA
Kit (Thermo). Normalized CMswere added to thewells of the
plate in the kit, and biotinylated antibody solution was
added to them. After 2 h of incubation at room temperature,
the wells were washed and incubated with streptavidin-HRP
solution for 30 min. Subsequently, TMB substratewas added,

and reactions were stopped after 30 min in the dark.
Absorbance values of the wells were measured at 450 nm in
the plate reader (Molecular Devices SpectraMax i3x). IL-6
levels in CM were calculated as pg/ml according to the IL-6
standards in the kit.

Measurement of VEGF-A levels in conditional
media

VEGF-A levels were analyzed in CM using a Human VEGF-A
ELISAKit (Thermo). Normalized CMswere added to thewells
of the kit plate and incubated for 2 h at room temperature.
Following incubation, the wells were washed, and a bio-
tinylated antibody solution was added and incubated for 1 h.
After washing, the wells were treated with streptavidin-HRP
solution and incubated for 1 h at room temperature. Subse-
quently, the wells were washed again and incubated with
TMB substrate for 30 min at room temperature in the dark.
Reactions were terminated with stop solution, and absor-
bance was measured at 450 nm (Molecular Devices Spec-
traMax i3x). VEGF-A levels in CM were calculated as pg/ml
according to the VEGF-A standards in the kit.

Determination of cell proliferation by co-
culture

The effect of factors secreted from senescent/non-senescent
cells on HeLa cell proliferation was determined by co-
culture experiments using the xCELLigence RTCA DP system
(Agilent). 100,000 senescent/non-senescent HeLa cells were
seeded in the upper plate with a 0.4 µm pore diameter
membrane at the bottom. 5,000 non-senescent HeLa cells,
whose proliferation would be assessed, were seeded on the
lower plate with microelectrodes at the bottom. After over-
night incubation, both compartments were washed with
PBS, and serum-free medium with or without channel
modulators was added. Cell proliferation in the lower plate
was monitored every 15 min for 50 h, and maximum cell
index values were compared across groups [5].

Determination of cell migration by wound-
healing assay

A wound-healing assay was performed to evaluate the ef-
fects of senescent/non-senescent CM on HeLa cell migration
[21]. 750,000 HeLa cells/well were plated in a 12-well plate
and incubated until 100 % confluency. Scratch wounds were
created with a 10 µl pipette tip, and the cells were washed
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twice with PBS. CMs (pre-warmed at 37 °C) were added to the
cells and treated with 0.1 μg/mL mitomycin C to prevent cell
proliferation. Then, two wound images were randomly
taken for each well at 0 and 48 h using a phase contrast
microscope (Leica DMIL). The wound area was measured
using the Image J program from the phase contrast images,
and “wound closure%” was calculated [5].

Statistical analysis

All values were expressed as the mean±S.E.M. and analyzed
by ANOVA followed by Tukey’s post-hoc test with GraphPad
Prism 8.0.1. p<0.05 was considered statistically significant.

Results

Determination of the concentrations of
nifedipine, verapamil, minoxidil, and
diazoxide to be used in testing senomorphic
activity

In our study, we first determined the concentrations of the
L-type Ca2+ channel blockers nifedipine and verapamil, and
the K+

ATP channel openers minoxidil and diazoxide, to be
used to test their senomorphic activities. For this purpose,
the drugs were applied to HeLa cells in a concentration-

dependent manner, and their effects on cell viability were
monitored over 48 h using the xCELLigence system. Based on
the normalized cell index values, which indicate cell prolif-
eration in the xCELLigence system, concentrations that did
not affect cell viability were selected for evaluating seno-
morphic activity.

According to the literature, cardioprotective effects of
diazoxide have been studied in vivo and ex vivo at concen-
trations ranging from 10 to 100 µM, and the sensitivity of
pancreatic beta cells to diazoxide falls within the same
concentration range; therefore, 100 µM was selected as the
diazoxide concentration [22]. On the other hand, since the
concentration range required for verapamil to inhibit Ca2+

channels is reported as 10–50 µM, 30 µM was selected as the
verapamil concentration [23]. For nifedipine and minoxidil,
the highest concentrations that did not exhibit cytotoxic ef-
fects on HeLa cells were used to evaluate their senomorphic
potential (Figure 1A–C).

Evaluation of the effects of nifedipine,
verapamil, minoxidil, and diazoxide on
senescence development and senescent cell
morphology

To determine the role of ion channel modulators in the
development of senescence, SA-β-Gal staining, which is a
widely used senescence marker, was performed. For this

Figure 1: Determination of the effects of L-type Ca2+ channel blockers nifedipine and verapamil, and K+ATP channel openers minoxidil and diazoxide on
cell viability. (A) Original real-time monitoring graph and maximum cell index of the concentration-dependent effects of nifedipine on HeLa cell viability.
(B) Original real-time monitoring graph and maximum cell index analysis of the concentration-dependent effects of verapamil on HeLa cell viability. (C)
Original real-time monitoring graph and maximum cell index analysis of the concentration-dependent effects of minoxidil on HeLa cell viability. (D)
Original real-time monitoring graph and maximum cell index analysis of the concentration-dependent effects of diazoxide on HeLa cell viability. Cont,
control; Nif, nifedipine; Ver, verapamil; Min, minoxidil; Dia, diazoxide. *Indicates statistically significant difference from the control group (One Way
ANOVA, n=4, p<0.05).
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purpose, HeLa cells were pre-treated with nifedipine,
verapamil, minoxidil, and diazoxide (4 h), followed by
treatment with doxorubicin (300 nM, 72 h) to evaluate
senescence induction. After incubation, holographic images
of the cells were captured, and subsequently, SA-β-Gal
staining was conducted. Our results showed a significant
increase in the number of SA-β-Gal positive cells with
doxorubicin treatment; however, ion channel modulators
did not alter this effect (Figure 2A). These findings suggest
that nifedipine, verapamil, minoxidil, and diazoxide do not
play a role in doxorubicin-induced senescence development
in HeLa cells.

On the other hand, it has been shown that changes in
senescent cell morphology, particularly in the cell mem-
brane, may affect the secretory profile of senescent cells [5].

Therefore, in this study, we evaluated the possible role of
L-type Ca2+ channel and K+

ATP channel modulators in the
development of senescent cell morphology using holo-
graphic microscopy images. In doxorubicin-induced senes-
cent HeLa cells, cell area, volume, and maximum thickness
increased significantly compared to the control group, while
average thickness did not change (Figure 2B). Pre-treatment
with nifedipine, verapamil, minoxidil, and diazoxide did not
affect these altered morphological parameters observed in
senescent cells (Figure 2B).

Moreover, following senescence induction, cells were
treated with nifedipine, verapamil, minoxidil, and diazoxide
to determine the possible cytotoxic effects of drugs. Our data
demonstrate that none of these channel modulators exerted
toxic effects on senescent HeLa cells (Figure 3A).

Figure 2: Evaluation of the effects of the L-type Ca2+ channel blockers nifedipine and verapamil, and the K+ATP channel openers minoxidil and diazoxide
on senescence development and senescent cell morphology. (A) Determination of the effects of nifedipine, verapamil, minoxidil, and diazoxide on
senescence induction via SA-β-Gal staining. (B) Analysis of nifedipine, verapamil, minoxidil, and diazoxide effects on senescent cell morphology using
holographic microscopy. Cont, control; Nif, 30 µM nifedipine; Ver, 30 µM verapamil; Min, 100 µM minoxidil; Dia, 100 µM diazoxide; Dox, 300 nM
doxorubicin; Dox+Nif, 300 nM doxorubicin + 30 µM nifedipine; Dox+Ver, 300 nM doxorubicin + 30 µM verapamil; Dox+Min, 300 nM doxoru-
bicin+ 100 µMminoxidil; Dox+Dia, 300 nMdoxorubicin+ 100 µMdiazoxide. *Indicates a statistically significant difference compared to the control group
(One-Way ANOVA, n=5, p<0.05).
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Evaluation of the effects of L-type Ca2+

channel blockers nifedipine and verapamil,
and K+

ATP channel openers minoxidil and
diazoxide on cellular protein content and the
secretome of senescent cells

Total protein quantification was performed after treatment
of doxorubicin-induced senescent HeLa cells with nifedi-
pine, verapamil, minoxidil, or diazoxide to determine
whether these drugs altered the total protein amounts of
senescent cells. Doxorubicin-induced senescence signifi-
cantly increased the amount of protein per cell. This increase
was significantly attenuated by all tested drugs, nifedipine,
verapamil, minoxidil, and diazoxide (Figure 3B), suggesting
that modulation of L-type Ca2+ and K+

ATP channels may lead
to functionally relevant reductions in cellular protein

content. Next, we evaluated whether L-type Ca2+ and K+
ATP

channel modulators affect the SASP secreted from senescent
cells. For this purpose, we measured both total protein
amounts and IL-6 levels, which are considered the most
common markers of SASP, in secretomes [24]. Our results
showed that while doxorubicin-induced senescent cells
exhibited increased total protein secretion, the presence of
ion channel modulators did not significantly alter this in-
crease (Figure 3C). However, the increased IL-6 levels
observed in senescent cell secretomes were significantly
reduced following treatment with minoxidil and diazoxide,
whereas nifedipine and verapamil showed no notable effect
on this increased secretion (Figure 3D).

We further investigated whether the suppressive effect
of minoxidil and diazoxide on IL-6 secretion from senescent
cells exhibited concentration dependence. Since minoxidil
exhibited toxic effects at 300 µM (Figure 1C), the impact of

Figure 3: Evaluation of the effects of the L-type Ca2+ channel blockers nifedipine and verapamil and, the K+ATP channel openers minoxidil and diazoxide
on protein amounts per cell and the secretome of senescent cells. (A) Determination of the effect of nifedipine, verapamil, minoxidil, and diazoxide on cell
viability in senescent and non-senescent HeLa cells (n=6). (B) Determination of the potential effects of nifedipine, verapamil, minoxidil, and diazoxide on
the total protein amounts per cell in doxorubicin-induced senescent HeLa cells (n=3). (C) Evaluation of the total protein secreted from doxorubicin-
induced senescent HeLa cells in the presence of nifedipine, verapamil, minoxidil, and diazoxide (n=4). (D) analysis of IL-6 levels, a key SASPmarker, in the
secretome of doxorubicin-induced senescent HeLa cells following treatment with nifedipine, verapamil, minoxidil, and diazoxide (n=3). Cont, control; Nif,
30 µM nifedipine; Ver, 30 µM verapamil; Min, 100 µMminoxidil; Dia, 100 µM diazoxide; Dox, 300 nM doxorubicin; Dox+Nif, 300 nM doxorubicin + 30 µM
nifedipine; Dox+Ver, 300 nM doxorubicin + 30 µM verapamil; Dox+Min, 300 nM doxorubicin + 100 µMminoxidil; Dox+Dia, 300 nM doxorubicin + 100 µM
diazoxide. *Indicates a statistically significantly different from the control group, #indicates a significantly different from the doxorubicin group (One-Way
ANOVA, p<0.05).
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logarithmically lower concentrations on secretion was sub-
sequently evaluated. Our results revealed that both minox-
idil and diazoxide significantly attenuated the senescence-
associated induction of IL-6 within the secretome (Figure 4A
and B, and 4C). In addition, the secretion of VEGF-A, another
key SASP marker, was quantified in a concentration-
dependent manner, and concentration-inhibition curves
were generated (Figure 4D and E, and 4F). Consistently, the
treatment ofminoxidil and diazoxide treatment resulted in a
significant decrease of VEGF-A levels in the senescent cell
secretome. Moreover, the inhibition of both IL-6 and VEGF-A
secretion occurred in a concentration-dependent manner.

Evaluation of the effects of secretomes from
minoxidil and diazoxide-treated senescent
cancer cells on cancer cell proliferation

Since the L-type Ca2+ channel blockers nifedipine and
verapamil did not alter the amount of SASP secreted from
senescent cells, this part of the study focused solely on
assessing the effects of secretomes from minoxidil- and
diazoxide-treated senescent HeLa cells on cancer cell pro-
liferation. Co-culture experiments were conducted using the

xCELLigence system to investigate whether the SASP secreted
from senescent cells treated with minoxidil or diazoxide af-
fects the proliferation of non-senescent cancer cells. In this
setup, senescent or non-senescent cells were seeded in the
upper chambers of a transwell co-culture system, while non-
senescent HeLa cells were cultured in the lower chambers for
proliferation analysis. After the chambers were assembled,
minoxidil or diazoxidewas applied to the upper chamber. The
proliferation of non-senescent HeLa cells in the lower cham-
ber was continuously monitored via cell index values.

The secreted factors from non-senescent cells in the upper
chamber caused a time-dependent decrease in the cell index
values of the lower chambernon-senescent cells (Figure 5). This
suggests that the secretome of non-senescent cells can reduce
the proliferation and/or induce the death of other cancer cells.
Notably, treatment with minoxidil and diazoxide further
enhanced this suppressive effect (Figure 5). Considering that
minoxidil and diazoxide have no effect on cell proliferation in
HeLa cells not cultured in the transwell system, the observed
decrease in proliferation in the co-culture experiments is likely
not a direct effect of the drugs. Instead, it probably results from
the modulation of cell secretions by these drugs.

Conversely, the factors secreted from senescent cells
caused a time-dependent increase in the cell index of non-

Figure 4: Evaluation of the dose-dependent effects of the K+ATP channel openers minoxidil and diazoxide on the secretome of senescent cells. (A) Dose-
dependent effects of diazoxide on IL-6 levels in the secretome of doxorubicin-induced senescent HeLa cells (n=3). (B) Dose-dependent effects ofminoxidil
on IL-6 levels in the secretome of doxorubicin-induced senescent HeLa cells (n=3). (C) Dose-response curves showing the effects of diazoxide and
minoxidil on IL-6 levels in the secretome of doxorubicin-induced senescent HeLa cells. (D) Dose-dependent effects of diazoxide on VEGF-A levels in the
secretome of doxorubicin-induced senescent HeLa cells (n=3). (E) Dose-dependent effects of minoxidil on VEGF-A levels in the secretome of doxorubicin-
induced senescent HeLa cells (n=3). (F) Dose-response curves showing the effects of diazoxide and minoxidil on VEGF-A levels in the secretome of
doxorubicin-induced senescent HeLa cells. Cont, control; Min, 100 µM minoxidil; Dia, 100 µM Diazoxide; Dox, 300 nM doxorubicin; Dox+Min, 300 nM
doxorubicin+ 100 µMminoxidil; Dox+Dia, 300 nMdoxorubicin+ 100 µMdiazoxide. *Indicates a statistically significantly different from the control group,
#indicates a significantly different from the doxorubicin group (One-Way ANOVA, p<0.05).
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senescent cells due to cell proliferation (Figure 5). This in-
crease in cancer cell proliferation induced by the factors
secreted from senescent cells was not changed by the
application of minoxidil and diazoxide (Figure 5).

Taken together, these results indicate thatminoxidil and
diazoxide treatment change the secretome composition of
non-senescent cells in a way that reduces cancer cell pro-
liferation, but do not show a similar effect on the content of
the senescent cell secretome. This suggests that the
proliferation-promoting factors secreted from senescent
cells could mask the changes in the secretome composition
mediating the anti-proliferative effects of minoxidil and
diazoxide on non-senescent cells.

Determination of the effects of senescent
cancer cell secretome treated with minoxidil
and diazoxide on cancer cell migration

Wound healing assays were performed to evaluate whether
the SASP secreted from senescent cells treated with minox-
idil and diazoxide affects the migration of non-senescent
cancer cells. For this purpose, a scratch wound was created
on non-senescent HeLa cells, and conditioned media (CM)
collected from senescent or non-senescent HeLa cells were
applied to these cells. In addition, mitomycin C was used to
inhibit cell proliferation, allowing assessment of migration
ability only by calculating the percentage of wound closure
at 48 h.

Although the CM from senescent cells caused a decrease
in the percentage of wound closure compared to CM from
non-senescent cells, this change did not reach statistical
significance. Treatment with minoxidil and diazoxide did

not result in a statistically significant change in the effect of
CM from non-senescent cells. However, the CM from senes-
cent cells treated with minoxidil and diazoxide significantly
decreased the percentage of wound closure compared to CM
from untreated senescent cells (Figure 6). This indicates that
minoxidil and diazoxide alter the composition of the se-
nescent cell CM in a way that reduces cancer cell migration.

Discussion

Chemotherapy-induced senescent cells in the tumor micro-
environment can adversely affect treatment outcomes
through various mechanisms, including promoting migra-
tion and proliferation of non-senescent cancer cells and
contributing to drug resistance via SASP factors [8–10].
Therefore, it is predicted that targeting SASP with thera-
peutic approaches as adjuvant strategies in cancer treat-
ment may enhance therapeutic efficacy. Previous studies
have demonstrated that several FDA-approved drugs, such
as metformin, rapamycin, atorvastatin, and ruxolitinib,
have senomorphic activity [6, 25]. As in these examples, drug
repurposing may offer clinical advantages by enabling the
rapid and cost-effective development and implementation of
novel senotherapeutic agents.

Our data indicate that the L-type Ca2+ channel blockers
nifedipine and verapamil, as well as the K+

ATP channel
openers minoxidil and diazoxide, do not affect the devel-
opment of senescence induced by doxorubicin in HeLa cells.
Moreover, these drugs did not cause any changes in the
characteristic senescent cell morphology. There are
currently no reported studies directly evaluating the effects
of verapamil, minoxidil, or diazoxide on the development of

Figure 5: Determination of the effects of the secretome from senescent cancer cells treated with minoxidil and diazoxide on cancer cell proliferation.
NSC, non-senescent cells co-cultured with non-senescent cells; NSC+Min, non-senescent cells co-cultured with non-senescent cells treated with 100 µM
minoxidil; NSC+Dia, non-senescent cells co-cultured with non-senescent cells treated with 100 µM diazoxide; SC, non-senescent cells co-cultured with
300 nM doxorubicin-induced senescent cells; SC+Min, non-senescent cells co-cultured with doxorubicin-induced senescent cells treated with 100 µM
minoxidil; SC+Dia, non-senescent cells co-cultured with doxorubicin-induced senescent cells treated with 100 µM diazoxide. *Indicates statistically
significant difference from the NSC group (One Way ANOVA, n=5, p<0.05).
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senescence. On the other hand, Hayashi et al. showed that
nifedipine significantly inhibits high glucose-induced
vascular endothelial cell senescence. In this study, the re-
searchers determined that the anti-senescent effect of
nifedipine occurs through an eNOS-dependent mechanism
rather than via Ca2+ channel blockade [26]. The absence of a
comparable effect of nifedipine in our study may be due to
the use of HeLa cells, which are epithelial-derived cancer
cells that do not display an eNOS-dependent signaling
pathway [27].

We also demonstrated that both L-type Ca2+ channel
blockers and K+

ATP channel openers significantly reduced
the increased intracellular total protein amount in
doxorubicin-induced senescent HeLa cells. However, this
decreasemay not fully reflect a global suppression of protein
synthesis, as the applied method did not specifically assess
the incorporation of newly synthesized proteins at the ri-
bosomal level. Interestingly, the increased total protein

amounts secreted from senescent HeLa cells were not
changed by L-type Ca2+ channel blockers and K+

ATP channel
openers. On the other hand, the secretion of IL-6 from
doxorubicin-induced senescent HeLa cells was not affected
by L-type Ca2+ channel blockers, while K+

ATP channel
openers reduced IL-6 levels in the secretome. An increase in
SASP secreted from these cells could be expected secondary
to the increase in total protein expression in senescent cells.
However, our findings do not support this possibility. The
fact that L-type Ca2+ channel blockers reduce the increased
total intracellular protein amount in senescent cells but do
not alter IL-6 secretion indicates that protein transcription
and cellular secretion in senescent cells may not be directly
related and that other mechanisms involved in secretion,
such as vesicular transport, vesicular fusion, and cargo
content, may be important.

There is no study in the literature evaluating the direct
effects of K+

ATP channel openers on the secretory activity of

Figure 6: Evaluation of the effects of senescent cancer cell secretome treated with minoxidil and diazoxide on cancer cell migration. NSC-CM:
conditioned media from non-senescent cells applied to non-senescent cells; NSC+Min-CM: conditioned media from non-senescent cells treated with
100 µM minoxidil applied to non-senescent cells; NSC+Dia-CM: conditioned media from non-senescent cells treated with 100 µM diazoxide applied to
non-senescent cells; SC-CM: conditionedmedia fromdoxorubicin-induced senescent cells applied to non-senescent cells; SC+Min-CM: conditionedmedia
doxorubicin-induced senescent cells treated with 100 µM minoxidil applied to non-senescent cells; SC+Dia-CM: conditioned media doxorubicin-induced
senescent cells treated with 100 µM diazoxide applied to non-senescent cells. *Indicates a statistically significant difference compared to the NSC-CM
group; #Indicates a statistically significant difference compared to the SC-CM group (One Way ANOVA, n=4, p<0.05).
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senescent cells. However, several studies demonstrating the
anti-inflammatory properties of K+

ATP channel openers
suggest that they may have senomorphic potential. For
instance,minoxidil has been shown to reduce the expression
of interleukin-1 alpha (IL-1α), which is responsible for the
expression of many proinflammatory cytokines in human
keratinocyte (HaCaT) cells [28]. In another study, Chen Y.F.
et al. reported that minoxidil suppressed paclitaxel-induced
neuroinflammation in mouse dorsal root ganglion neurons
[29]. Additionally, Jahandideh S. et al. demonstrated that the
intraperitoneal administration of secretome obtained from
diazoxide-treated (100 µM, 30 min) human embryonic stem
cell-derived mesenchymal stem cells significantly reduced
systemic pro-inflammatory cytokine levels in an LPS-
induced acute systemic inflammation model in mice [30].

A study that directly assessed the effects of L-type Ca2+

channel blockers on the secretory activity of senescent cells
found that loperamide and niguldipine exhibited senomor-
phic properties in primary mouse embryonic fibroblasts
[31]. The authors based this conclusion on the observation
that these compounds reduced the number of senescent cells
without altering the total cell count in a co-culture system
containing both senescent and non-senescent cells. Howev-
er, this finding appears to result from the selective elimi-
nation of senescent cellswhile non-senescent cells continued
to proliferate. Therefore, the evidence presented in that
study suggests that the observed effects of L-type Ca2+

channel blockers are more consistent with senolytic rather
than senomorphic activity [31]. In contrast, our findings
indicate that nifedipine and verapamil, at their highest non-
cytotoxic concentrations in cancer cells, did not induce se-
nescent cell death, implying a lack of senolytic activity.

Several studies demonstrate the anti-inflammatory ef-
fects of L-type Ca2+ channel blockers. Li G. et al. demon-
strated that verapamil modulated LPS-induced pro-
inflammatory cytokine production in rat liver by inhibit-
ing NF-κB activation, which resulted in decreased TNF-α and
IL-6 levels and increased IL-10 expression [32]. Similarly,
verapamil significantly suppressed the production of pro-
inflammatory mediators (TNF-α, superoxide, and nitric ox-
ide) in neuron-glia cultures exposed to LPS [33]. The different
cell types and senescence inducers used in all these studies
may explain the different results from our study.

IL-6 and VEGF-A are widely used as SASP markers and
also play an important role in promoting cancer cell prolif-
eration and invasion in the tumor microenvironment [24].
Since our data show that diazoxide and minoxidil suppress
IL-6 and VEGF-A secretions in senescent cancer cells, we
evaluated whether K+

ATP channel openers alter the effects of
SASP on cancer cell proliferation and migration. Our find-
ings indicate that factors secreted by non-senescent cells

treated with minoxidil and diazoxide reduced cancer cell
proliferation. However, minoxidil and diazoxide were not
effective on the cancer cell proliferation-enhancing effects of
factors secreted by senescent cells. On the other hand, our
data show that, in contrast to conditioned media from non-
senescent cells, conditioned media from senescent cells
treated with minoxidil or diazoxide significantly inhibited
HeLa cell migration, suggesting that these drugs alter the
secretory profile of senescent cells in a way that suppresses
cancer cell migration.

The senomorphic effects of K+
ATP channel opener drugs

may arise either directly from ion balance alterations
mediated by activation of K+

ATP channels or as a conse-
quence of their anti-inflammatory properties through sup-
pression of cytokine expression [28–30]. A study employing
in situ drug-gene-disease association predictions also
demonstrated that diazoxide inhibits multiple kinase genes
[34]. Although this was not shown for minoxidil, multiple
kinase gene inhibitionmay also be one of the reasons for the
senomorphic effect of these drugs.

Several studies suggest that the K+
ATP channel openers

minoxidil and diazoxide may have therapeutic potential in
cancer treatment. Fukushiro-Lopes D. et al. demonstrated
that minoxidil suppresses ovarian cancer cell proliferation
and induces apoptotic cell death both in vitro and in vivo [35].
Furthermore, a single-center phase II clinical trial is
currently underway to evaluate the efficacy and safety of
minoxidil in the treatment of platinum-resistant ovarian
cancer (NCT05272462). Qiu S. et al. showed that minoxidil
(50 µM) did not affect breast cancer cell proliferation but
significantly reduced cancer cell invasion [36]. It is plausible
that, in addition to these reported effects, the suppressive
effects of K+

ATP channel openers on SASPmay also contribute
to their antitumor activity.

The therapeutic plasma concentrations ofminoxidil and
diazoxide in the clinical management of hypertension are
approximately 0.3 µM [37] and 160 µM [38], respectively. In
the context of our experimental conditions, the concentra-
tion of diazoxide at which a senomorphic effect was
observed remained below its reported therapeutic plasma
level. This observation suggests that diazoxide may repre-
sent a more suitable candidate for adjuvant application in
cancer therapy, as its efficacy at sub-therapeutic concen-
trations is less likely to be associated with adverse systemic
effects.

Conclusions

In our current study, we suggest that minoxidil and diazo-
xide, which are FDA-approved and chronically used drugs,
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have the potential to be used as adjuvants to chemotherapy
for senomorphic purposes. If their senomorphic effects are
further supported by in vivo and clinical studies, the clinical
application of minoxidil and diazoxide in this context may
become feasible. Additionally, K+

ATP channels emerge as
promising targets for senotherapeutic intervention.
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